Abstract--From 95 subjects imaged with both speed of sound and attenuation ultrasonic computed tomography (UCT), quantitative analyses are presented on 40 cases where unequivocal correlating clinical diagnoses are available. Using four attenuation and speed of sound parameters from different regions of interest in the breast, a linear discriminator detects cancer with approximately 90% sensitivity and specificity. Increased confidence in the predictive power of this small study is given by a modern test of predictive power (jackknifing) and by the fact that diagnostic discrimination remains as high as 85% when only two parameters are employed--attenuation and speed of sound in the lesion minus those values in the remaining central mammary tissues. Speed of sound images appear particularly useful in older, fatty breasts where pulse echo ultrasound is particularly lacking. While UCT in the form studied here is not likely to receive wide clinical acceptance in the near future, a combined UCT/pulse echo system might find wide clinical utility if it can be sufficiently convenient and inexpensive.
INTRODUCTION
Currently the most widely used ultrasonic breast imaging method is the conventional pulse echo scan. It is thought that the addition of quantitative, tissuespecific information not provided by pulse echo imaging has a high probability of increasing the diagnostic accuracy over that achievable with only pulse echo techniques. Several researchers have demonstrated that quantitative images of acoustic speed and semiquantitative images of acoustic attenuation of tissues can be obtained using ultrasonic computed tomography (UCT) (Greenleaf et al., 1974; Glover, 1977; Greenleaf et al., 1978; Carson et al., 1978) . Attenuation measures are referred to as only semiquantitative because attenuation measures suffer from edge enhancement and suppression of contrast in homogeneous regions due to refraction, reflection, and multiple path splitting of the ultrasound beam by tissue interfaces encountered at oblique angles (KlepAddress reprint requests to: Paul L. Carson, Ph.D., Radiology Physics and Engineering, University of Michigan Hospitals, 1500 E. Medical Center Drive, Ann Arbor, MI 48109-0553, (313) 763-5884. 21 per et al., 1977; Kak and Dines, 1978; Johnson et al., 1975 , Mueller et al., 1979 Meyer et al., 1982; Crawford and Kak, 1982; Pan and Liu, 1981; . Comparisons of pulse echo and UCT images have also been reported (Carson et al., 1981; Koch et al., 1983) . From the studies of 40 patients presented below we have previously employed simple visually implementable interpretive criteria as described in a related paper (Carson et al., 1988) and have evaluated a set of quantitative, speed of sound and attenuation criteria which could be implemented reasonably well visually . In this paper quantitative discriminant analysis on images of these patients is presented to detect and evaluate relevant quantitative diagnostic criteria. Analysis of a similar group of patients was presented by Greenleaf et al. (1983) , and Schreiman et al. (1984) .
METHODS

Subject population and tissue classifications
The patient is imaged while lying prone on an examination table with one breast immersed in a water tank via a circular aperture in the table. Pulse echo (Carson et al., 1981) and UCT speed of sound and attenuation coronal images, are generated by a translate-rotate motion of opposing 3.5 MHz transducers in a water tank (Carson et al., 1979) . Speed and attenuation images are displayed on a CRT where region of interest software allows the calculation of mean propagation speeds and attenuation coefficients, with their variances, for selected areas of interest. Pulse echo images are displayed on an analog scan converter and photographed for analysis. In all the images, high values of attenuation and speed of sound were depicted as white on a dark background.
Included in this study are examinations from 40 cases, 36 in vivo and 4 in vitro. Subjects chosen exhibited clinically palpable or mammographically detected areas of concern or "lesions" in which both attenuation and speed of sound images were technically acceptable. Additional details of the imaging methods and subject population are given in (Carson et al., 1988) .
A majority of breast studies exhibited P2 patterns (Wolfe, 1967) mammographically. The distribution of pathologies included 6 normal breasts, 10 unclassified benign lesions, 8 cysts, 4 fibroadenomas, and 12 carcinomas (8 in vivo, 4 in vitro). All lesions were larger than 1 cm in diameter and were easily palpable. The pathology group labelled "unclassified benign" included non-malignant lesions and regional disease processes such as fibrocystic disease, fibrosis, adenosis, sclerosing adenosis, lobular and ductal dysplasia. All cancers were infiltrating ductal. Diagnosis was confirmed by biopsy in 29 cases, by mammography in l 0 (benign lesions) and by clinical evaluation in 1 case (normal tissue). Recent followup on l0 of these 11 cases not confirmed by biopsy has shown no evidence of cancer, nor change in the initial diagnosis of at least five years ago.
Ten regions were analyzed in the images of the 40 patients included in the analysis, 7 in the suspect breast and 3 in an image at a comparable level in the opposite breast. In Fig. 1 , these regions are illustrated on the UCT images at one level through a palpable firm area in the breast of a 28-year-old. For each patient analyzed, a palpable or mammographically suspect region is defined as the lesion, even though it may be proven normal or benign histologically. In this patient a palpable tissue of concern was noted in the upper outer quadrant (region 3) and was later diagnosed to be normal fibrous breast tissue. The UCT attenuation image shows the mass clearly as fibrous tissue associated with a Coooer's ligament. Disease processes are commonly indicated by the presence of tissue exhibiting a higher than normal average speed of sound. Thus, when there is doubt, the lesion is chosen as that region with high speed of sound which best correlates in location and size with that seen on mammography, by palpation, and/or by direct correlation with surgical and histological results. Possible exceptions to this rule would be where the diagnosis indicates a fatty lesion. Often, the borders of the lesions are easily observed on the attenuation and/or pulse echo image and lesions appear larger in size on these images. Whenever possible the lesion borders and ROI's were defined by the attenuation image and then superimposed on the corresponding area in the velocity image.
As summarized in Table 1 , regions 1-3 describe the lesion. The lesion border is defined in region 2 as the locus of CT numbers having a value equal to the mean of the lesion background and the lesion maximum speed of sound value. This full width at half maximum (FWHM) definition is used to provide a consistent means of defining lesion edges, even when they are not visible on the attenuation or pulse echo images. On the patient in Fig. 1 , subcutaneous fat tissue lobules are readily seen as low attenuation and low speed of sound regions (region 4), separated by ligaments and lying adjacent to the highly attenuating skin border. The appearance of high attenuation at the skin results in part from refraction and reflection of the beam at the water-tissue interface. Consistent with earlier studies (Kossoff et al., 1973) , average values of UCT parameters measured for the entire breast decrease with age as breast parenchyma is replaced by adipose tissue. For the young, dense breast of Fig. 1 , the measured speed of sound and attenuation number for normal parenchyma (region 6) are 1549 +_ 28 m/s and 2.7 _ 1.1 AU (attenuation units), respectively, while those for the entire breast (region 7) are 1522 +_ 38 m/s and 3.4 AU. The average values for the speed of sound and attenuation number of region 7 in the older [greater than 50 years old] breasts examined were 1475 m/s and 2.2 AU at an effective frequency of approximately 3.1 MHz.
The attenuation number in attenuation units, AU, is numerically equal to the signal attenuation measured, in decibels per centimeter. However, the reconstructed attenuation values for a given tissue are very dependent on the particular transducer configuration employed, on details of the signal processing and, most importantly, on the properties of surrounding tissues. For this reason we wish to avoid strong identification and quantitative numbers with specific tissues, while still making known the limited information available from this particular transmission imaging system.
Discriminant analysis
Linear discriminant analysis is a conventional statistical procedure for testing the extent to which groups such as various classes of lesions can be discriminated on the basis of their quantitative characteristics (Lachenbruch, 1975; McNeil and Hanley, 1981; Nieet al., 1975) . The F-ratio, familiarly used in the conventional statistical test for separation of two group means on a single variable score, is a ratio of two variances. The numerator is the variance due to the scatter of group means; the denominator is the variance due to the scatter of the scores about their means within each group.
Suppose that many variables, such as attenuation (atten) and speed of sound (sos), for each of our 10 breast regions, have been measured on subjects in two or more groups. Consider all the linear scores that can be constructed out of these raw measures, i.e., all the linear functions c~attenl + CslSOS l dff . o . ..~ Caloattenl0 + Csl0SOSlo constructed from any values of the twenty coefficients c~l • • • c~0, csj • • • cs~0. These functions represent all possible linear combinations of absolute levels and contrasts by which we might characterize the lesions. For instance, the score ca~ = 1, Ca7 = --1, with all other c's equal to zero, represents a contrast, attenl -atten7. That contrast is, the elevation of the lesion attenuation above that of the surrounding tissue.
It is useful to compute the one of those linear scores which yields the largest F-ratio for a test of group separation. This score would yield the largest predominance of real group difference (signal) to within-group variance (noise) in the context of group discrimination. Once such a function cal attenl + • • • + csl0sos~o is available, it may be used to classify each lesion into one of the two or more groups according to its score. In effect, it is assigned to the group whose centroid is closest to the lesion score after correction for correlation among the variables. Sometimes this assignment takes cognizance of prior probabilities of group membership, so that, for instance, a group with 60% of the sample is assigned 60% of the specimens. Or different misclassifications may be ascribed different costs: for instance, the cost of a false negative for cancer may be set to many times the cost of a false positive. Because the group membership fractions in this analysis are an arbitrary consequence of the sample design, we did not correct the classification function in the first of these ways, although the correction could be justified and increased weighting of false negatives would increase the sensitivity significantly.
This style of analysis is exemplified in Fig. 2 , which demonstrates the discrimination of two groups A B Fig. 2 . Shown on the orthogonal axes are plots of the distributions of groups A and B in variables X 1 and X2. Both features X 1 and X2 show a considerable overlap between groups, but with the combination of X 1 and X2 (sloping line), the groups of patients arc completely separated.
by a linear combination of the two variables shown. It is evident how the groups overlap much less in projection along the line indicated than they overlap on either of the original two variables. In the presence of more than two groups, one arrives at more than one discriminant function. The first is the one just characterized, the score yielding the best F-ratio of all scores. The second is the score yielding the best F-ratio of all scores that share no information (i.e., are uncorrelated) with the first score, and so on. The discrimination of K groups requires, in general, K -1 of these functions.
Accuracy estimates and jackknifing. The statistical power of discriminant analysis can be tested by way of the F-ratios used to compute the scores. The logic of this is the logic usual in statistical significance testing, the check of whether the null hypothesis of no group differences can be reflected, Such a test is not suited to the clinical needs here, as it is a function of sample size. We are interested instead in the classification accuracy (and sensitivity, and specificity) yielded by the decision rule chosen. Specifically, an estimate is required for the probability that a new specimen, not among those needed for computing the F-ratio that is being optimized, will be classified correctly. This test is simulated by a procedure called jackknifing. It is implemented by running the same discriminant analysis N times, where N is the number of available cases. In each run, one of the N specimens is omitted from the computation of the F-ratio, and then classified based on the discriminant score derived from the other N -1 specimens.
Reduction of variables.
A linear discriminant score has one coefficient for each variable, a total of 20 coefficients for the l0 regions of interest recorded in this study. It is very difficult to interpret such a long list of numbers. Most computer packages come to our aid in this matter by discriminating stepwise. That is, they try combinations of one, two, three .... variables at a time, until additional variables add no more power to the F-test. On our data in which lesions' classes are combined into three groups (Table  2) , this procedure resulted in the two discriminant functions of Table 3 , based on four most helpful variables as listed. For expository purposes it is useful to reduce this still further, to a qualitative verbal formulation. Discriminant function #2 can be viewed as the approximate sum of two contrasts: lesion speed of sound relative to that in the normal parenchyma, and lesion attenuation relative to whole breast attenuation. Function # 1 can be summarized as the approximate difference of those two contrasts. (In this summary we are ignoring differences in the ratios of the coefficients in the two functions.) This simplification may be exploited to pose a new problem: the optimal discrimination of the three groups by these two arbitrary (but nearly optimal) contrasts alone. These contrasts are of interest because they are very simple to measure from single images, and easy to report. The analysis of the discrimination based on these two scores occupies Fig. 3 and the right-hand side of the Table 4 below.
RESULTS
In Table 5 the measured speed and relative attenuation values are compared with those of Greenleaf and Bahn (1981) and with the speed values calculated from Glover's (1977) UCT numbers assuming a speed of sound in water of 1518 m/s. Large standard deviations and only small differences in the average speed of sound and attenuation between various tissues are noted. It appears that classification of breast tissues is more complex than a simple comparison of acoustic parameters from a single tissue in the breast with average values in a table. The following paragraphs describe the results of the discriminant analysis performed to select which combination of acoustic variables is most useful for the classification of breast pathologies and to provide an indication of how well a classification of breast pathologies can be performed with UCT measurements.
For the most part the linear discrimination of the sample is reported according to three groups: cysts, other non-malignant lesions, and cancer. (A few analyses use four or five groups as listed in Table 2 .)
In the three group analysis, a stepwise procedure according to the usual criteria terminated after the entry of four variables. The weighting coefficients ca2, Cs3 , cs6 , Ca7 in the principal (three-group) analysis are listed in Table 3 ; their linear combinations are found to be the most useful linear discriminators. As in Table 3 , the coefficients of the two speed of sound variables are always of opposite sign, indicating a contrast; likewise the coefficients of the two regional attenuations are always of opposite sign. In these forty patients none of the variables for the opposite 3  90  92  93  85  83  89  4  85  92  93  73  67  86  5  78  92  93  63  75  86  3~  83  83  86  78  67  89 t The difference in lesion and normal tissue attenuation (R2-R6) and speed (R2-R6) (see text).
:~ Using iterative (jackknifing) method (see text). Accrc = accuracy; Senstv = sensitivity; Specf = specificity; List: 16. breast (regions 8, 9, and 10) are particularly useful in discriminating the lesion type. Recall, however, that the role of asymmetry in locating the lesion is not taken into account in this statistical analysis.
The contrast of speed of sound parameters is consistent with that noted from qualitative analysis of the images. It now appears that we may think of attenuation as a contrast in the same way. By arbitrarily setting the two coefficients, we can generate a scatter as in Fig. 3 of the forty cases upon axes which are easily described verbally: differences in speed of sound and in attenuation between region 2 and region 6. In Fig. 3 , the groups are identified by number as listed in the caption. A cross indicating the standard deviations of these scores within group is plotted at each group centroid. From this scatter we note the need for two discriminant functions to distinguish the three groups. * See text for attenuation units, AU. f R = region (see Table 1 ). Subcutaneous and older, centrally located fat tissue.
notice that the four firbroadenomas cannot be correctly classified using this pair of classifying variables. Schreiman et al. (1984) reported four categories for malignant lesions based on a similar pair of classifying variables. Our results are consistent with their first three categories which classify malignant lesions as having high relative speed of sound with variable relative attenuation (low to high). No cancers in our group were found to fall into the fourth category: low relative speed of sound with high relative attenuation. The two discriminant functions of Table 3 separate the forty lesions into three groups with an overall accuracy of 90% as summarized in Table 4 . Regarding the detection of cancer, the sensitivity is 92% and the specificity 93%. Figure 4 shows the nature of the misclassifications in the scatter of these two variables. One in vitro (infiltrating ductal carcinoma, plotted with the symbol "5" is classified as a solid benign lesion (group 2), but with a 0.32 probability of being in group 5. This was a young 33 year old with relatively low speed of sound contrast in the lesion, 1523 m/s, relative to that of normal tissue, 1497 m/s. Two solid benign lesions ("2") (one fibrocystic lump, one fibroadenoma) were classified as cancers (group 5); and one cyst ("3"), was misclassified as a solid benign lesion (group 2). Three of the four misdiagnoses lie near the classification lines in this plane projection. All cancers were infiltrating ductal with some exhibiting other forms of carcinoma as well [papillary, (2) , adenocarcinoma (1), lobular (3)]. A breakdown of UCT parameters by secondary carcinoma type showed no consistent patterns. (When the solid benign lesions were subdivided, so as to classify the subjects into four or five groups, overall accuracy diminished to 85% or 78%. But the cancers were still classified with the same sensitivity and specificity; the loss of accuracy was entirely between classes within the category of solid benign lesions.) When the threegroup classification was repeated using the two relative variables rather than the four separate measures detected by the stepwise algorithm, overall accuracy decreased to 85%, sensitivity for cancer to 83%, and specificity for cancer to 89%. The corresponding scatter (Fig. 3) shows that in this space the group centroids lie close together, with more overlap, than they do in Fig. 4 , which is, of course, optimized for that separation. The work of Schreiman et al. (1984) indicated a comparable sensitivity of 82.5%, yet a much lower specificity of 60.5% due to a large number of false oositives.
None of these accuracy figures correspond to what we would expect if we extended our procedure to classify unknown samples. The jackknifed analysis corresponding to the discriminant functions of Table  3 showed an overall prospective accuracy of 83% instead of 90%, with a sensitivity for cancer detection of 83% and a specificity of 86%. In the jackknifed classification based on the remaining 39 cases, two cancers were classified as solid benign lesion; one of eight cysts was also so classified, three of sixteen benign solid masses, and one of four fibroadenomas, were classified as cancers. As before, discrimination based on the two relative variables, or discrimination into four or five classes, resulted in decreased accuracy.
DISCUSSION AND CONCLUSION
Results of this quantitative analysis of UCT breast imaging of 40 patients are encouraging. Discriminant analysis of the images indicates that the important variables for lesion characterization are the high speed of sound of malignant tissue when compared to normal tissues of the same breast and the comparison of lesion attenuation and that of the entire breast. With these criteria alone, a sensitivity and specificity to cancer versus solid benign masses and cysts of approximately 83 and 86% is obtained. Similar variables plus breast asymmetry were seen to be important in the visually oriented analysis of images (Carson et al., 1988) . But that evaluation utilized only the sign of the differences of speeds of sound, rather than the magnitude of linear combinations of variables.
Further division of the benign lesions into more groups decreased overall accuracy in the UCT study but not sensitivity or specificity defined on the basis of separating benign from malignant conditions. Lower false negative rates are obtainable if the discriminant analysis is coded to weight the risk and cost of false negatives higher than those of false positives. Contrary to Glover's (1977) suggestion from earlier studies, the speed of sound of the entire involved breast (region 7) does not appear to be a useful discriminator of cancer.
In discriminant analyses of future UCT studies with larger data bases, variables describing the contralateral breast may improve the discrimination. The low significance in this study of information on the contralateral breast may have resulted from the lack of that information in four of twelve malignant lesions. Lesion size and location are other variables which, although not included in this study, are of possible significance due to their potential influence on the ultrasonic characteristics of lesions.
There was some bias upward in lesion detection in the course of this study, but we are hopeful that the bias was relatively small. Where several regions of high speed of sound were present in an image, the one best matching the external evidence (mammography, palpation, etc.) was selected. Often a distinctive attenuation border pointed toward selection of that same lesion. The success of UCT in this study also is indicative of the largely older patient population imaged. In a speed of sound image, a carcinoma with a high speed of sound is highly visible in a fatty breast with generally low speed of sound. Cases missed were mainly those involving cancer in young dense breasts, yet that is where mammography is also most lacking and a good supplement is required. Limited experience with the technique, based on a relatively small number of patients over a protracted period, provided a small downward bias in the reported lesion discrimination.
While the statistics on lesion discrimination are good, it is not clear that the technique as studied here is yet adequate to assume a major role in breast cancer detection and diagnosis. In the radiographically dense breast, pulse echo ultrasound has proven useful in many investigators' experience. UCT adds additional information to that obtainable with pulse echo ultrasound. If major improvements in UCT information content do not appear to be forthcoming in the next few years it may prove worthwhile to construct a convenient, fast UCT/pulse echo scanner with the then existing technology. This would allow the necessary second and third phase clinical trials, to assess the true value of combined UCT and pulse echo ultrasound in patient management. Such studies might well prove positive if the system were sufficiently convenient in patient scanning and interpretation and of sufficiently low cost.
